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SUMMARY

Two75-milltieter-bore(size215]inner-race-ridingcage-typeball
bearingswereusedinan exper5me@alinvestigationoftheeffectsof
oilinlettemperatureandviscosityonbearingoperatingcharacteristics
overa rangeof DN v&ues (be=figbore~ ~ t~s shaftspeed~ W)
fromO.3x106to 2.4x10, staticradialloadsfrom7 to1113pounds,oil

. flowsfrom1.6to 8 poundsperminute,andoilinlettemperaturesof100°
and2050F. Absoluteviscosityattheinlettemperaturesvariedfrcm
2.18XL0-7to 42.6X10-7reyns(ldnematicviscositiesof1.77to 34.5. centistokes).

A previouslydevelopedcooling-correlationanalysisforcylindriceJ.-
roller-bearingtemperatures‘kasfoundtobe applicabletoballbearings.
Theeffectofload,althoughsmall,wasincluded.A similarcooling
correlationwasdevelqedforthepowerreJettedtotheoil. Thiscorre-
lationmakesitpossibletopredicteithertheinner-orouter-race
bearingtemperatureorthepowerrejettedto theoilfromsinglecurves
regardlessofwhetherspeed,load,ofiflow,oilinlettemperature,oil.
imletviscosity,oranycombinationoftheseparametersisvaried.

An increaseinoilviscosityproducedincreasedbearingtemperatures
andcausedthepowerrejectedtotheoil.tobe ~eaterwithconstantDN,
load,oilflow,andoilMet temperature.

Withan increaseinoflwet temperature(atconstantDN,load,
oflflow andoflinletviscosity),thebearingtqeraturesincreased

6nearly1 F foreach1°F increaseinoilinlettemperatureandthe
powerrejettedto theoilremainedunchanged.Fora specificoil,the
bearingtemperaturerisewasfrom0.6°to1°F foreach1°F increase
inoil.inlettemperaturebecauseofdecreasingoilviscositywith
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2 NACA‘TN3003

increasingoilinlettemperature.Powerrejectedto theoil.decre~ed
withincreasingoilinlettemperatureforthessmereason.

h a speedrun themaximumIINreachdbeforebearingfailurewas
2.4X1.06(32,000rpm~.Thebear= waslubricatedwitha mediumviscosity
oilatanoilinlettemperatureof100°F. Failurewascaused by c~e

breakage.

ImRol-JucTIoI? $3
k

TheinfluenceofoilviscosityandMet temperatureontheeffac-
tivenessof coolingandhibricatinghigh-speedrolling-contactbearings
isofparticularsignificanceinturbojetandturbine-propellerengine
design,becausethehighspeeds,loads,andambienttemperaturesencoun-
teredproducehighbearingoperatingtemperatures.tihigh-speedbear-
@JS~ a ~ge portionofthebe=~g heatiSremovedby the’lubric=t,
and,inturn,theheatabsorbedby thelubricantmustbe removedto
maintahthedesiredoilinlettemperature.Theamountofheattobe
removedfromthelubricant,whichisdeterndnedby thedegreeofcooling
ofthebearingdesired,islimitedby thecapacityoftheavailable
coolant. b orderto minimizetheheattobe removedfromthelubricant, 3
heatgenerationinthebesrtigshouldbe heldto a minimum.

Withsingle,small-diameterjetlubrication,a portionoftheoil
.

isdeflectedfromthebearinganda portionoftheoilistransmitted
throughthebearing.Thetransmittedoilservesasbothcoolarband
lubricant(ref.1)andmayalsobe a sourceofheatdueto churning.
Greatercoolingisobtainedwithincreasedtransmitted-oilflowbutonly
attheexpenseof geaterpowerlossdueto churning.

Verylittle informationisavailableintheliteratureontheeffect
oflubricantviscosi~andoilinlettemperatureonhigh-speedball-
bearingperformancecharacteristics.Someinformationontheeffectof
oilviscosityandoilflowonoperattigtemperature,frictiontorquej
andpowerdissipatedatrelatimly lowspeedsiscontainedinreferences
2 to 5. Theonlyreportedresultsforhighspeedsdealwithcylindrical-
rcdlerbesrti~(ref.6).

Yhetivestigationreportedhereinisa centinuationofthework
reportedh reference1 andwasconductedattheNACALewislaboratory.
Reference1 showsthattheamountofoil.whichflowsthroughthebearing
isan importantvariableregsrdingthebearingoperatingtemperatureand
thelubrication-systemheatload;also,theeffectsofdMferentopera-
tingvariablesandoftwomethodsofMbricationontheoilflowthrough
thebearingandonbearingouter-raceandtier-racetanperatuxesare

,

described.Thesestudiesweremadewitha singleoil(oilB ofthis
report) at an05J-inlettemperatureof100°F. l%eoperatm v=iables
ticludedIml,totaloilflow,l=d, ~d ofl-jetr~~ Position)whfle

.

thetwomethodsoflubricationweresinglejetandpuddling.

.
—!. ——.



NACATN3003 3

Theobjectivesofthisinvestigationwere: (1)To studytheeffects
ofoilinlettemperatureandviscosityontheoperatingcharacteristics
ofconventionalbdl bearingsathighspeedsunderradialload.The

. effectsofoilviscosity,oilinlettemperature,DN,load,andoflflow
onthebearingoperatingtemperatureandthepowerrejectedtotheoil
arereported.(2)Toprovidea meansforesthatingtheb~ing temper-
aturesandthehorsepowerrejectedto theoil.foranycmbinationofthe
operatingvariablesby useofa correlationofresultsshibr tothe
onepresentedinreference7 forrollerbearings.

2
8 TwoABEC-5deep-groovebti bearings(size215)wereinvetigated

overthefold.cnzlngrangesof contro~edvariables: 8m, o.3XL0 to
2.4X106(correspondtigto 4,@M to 32,000rpm);loads,7 to 1113pounds;
oilflows,1.6to 8 psoundsperminute;oilinlettemperatures,100°and
205°F. Theabsoluteviscositiesofthetwooilsusedinthisinvesti-
gationat Met t

7
eraturesof100°and2050F variedfrom2.18f10-7

to 42.6XL0-7reynskinematicviscositiesfrom1.77to 34.5centistokes).M
!iJ Theoperatingconditions~osed ona cylindrical-rollerbearingof
l-l thesaqesize(215)ina present-dsyturbojetenginesxeasfollows:DN,

b O.3XLO”to O.86xl.06;approximategravity
0.8to 2 poundsperminutethrougha jet

.

APPARMUS
.

load,375pounds, andoilflow,
ofO.052-inchdiameter.

Besringrig.- Thebear= rig(fig.1}usedinthisinvestigation
isthesameaathatusedintheinvestigationsrepoktedh references1,
6,7,&d 8. Thebeartigunderinvestigationwaamountedon oneendof
thetestshaft,whichwassupportedina cantileverfashionforpurposes
ofobservingbesringcamponentpartsandlubricantflowduringoperation.
A radialloadwasappliedtothetestbe=ingbymeansofa leverand
dead-weightsystemh sucha mannerthatthealinementoftheotierrace
ofthetestbearingwasessentidly unaffectedby smallshaftdeflections
orby smallshaftandload-ammisalinements.

Thesupportbesrtngswerelubricatedinthemannerdescribedin
reference9. Theoilwaasuppliedtothesupportbearingsata pressure
of10poundspersqusreinchthrougha O.180-inch-diameterjetandata
;~~t~oe;~ to thatoftheoilsuppliedtothetestbearing(either

.

Thehive equipmentisdescribedh reference9. Theavailablespeed
rangeofthetestshaftist200to 50,OCXlrpm.

Testbeartig.- Twotestbearingswereusedforthisinvestigation,
c

although mostofthedatareportedheretiwereobtainedby useofonly
oneofthebearings.Thesebearingswereconventionalaticraft-grade

.
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ballbearings(ABEC-5). Thebearingtiensionswerethefollowing:bore,
75mXKltieters;outsidediameter,130rdll.imeters;andwidth,25millim-
eters. Thebearingswereequippedwitha two-piecerivetedretainer
(cage)ofIanhatedcloth-basephenolicmaterialandeleven11/16-tich- -
dismeterballs.Theretainerwasguidedby theinnerrace.

Thebearingsinvestigatedhavebeennumberedconsecutively;bearings
19and20ofreference1 arethesameasbeerings19and20,respectively,
ofthisreport.

Temperaturemeasurement.- Themethodoftemperaturemeasurementis
describedinreference9. Iron-constantauthermocoupleswerelocatedat
60°intervalsaroundtheouter-raceperipheryattheaxialcenterltieof
thebearingunderinvestigation.A copper-constantanthermocouplewas
pressedagainsttheboreoftheinnerraceattheaxialmidpointofthe
testbearing;thevoltagewastransmittedframtherotatingshaftby
meansof smallslipringslocatedontheendofthetestshaft(ref.10).

Lubricationsystem.- Thegeneralmake-upofthelubricationsystem
isdescribedinreference9,andsubsequentalterationsofthelubrica-
t ionsystemaredescribed~ reference’1.

PROCEDURE

Lubricationoftestbearing.- Lubricantwassuppliedtothetest
bearingthrougha singlejethavinga O.050-inch-dismeterorificeand
an orificelen@h-diameterratioof1. Theoilwasdirectednormal
tothebearingfaceatthespacebetweenthecageandtheinnerrace
directlyoppositetheloadzone.

.-

Twooils,designatedhereinas oilsA andB,wereusedtolubricate
thetestbearing.OilA wasusedinreference6;oilB wasusedinref-
erences1, 6,and7. Thepropertiesofthetwooilsaregiveninfig-
ure2. OilA wasa highlyrefined,nonpol.ymer,petroleum-baselubricating
oil..OilB wasa comnerciall.yprepsxedblendofa highlyrefinedparaf-
ftibasewitha smallpercentageofpolymeraddedto -rove theviscosity
index.

An oilsamplewastakenatthestartof eachoilrun,atthestart
of eachday’srun,andattheconclusionoftests.Viscositieswere
obtainedby standardlaboratoryprocedures,andthedataplottedinfig-
ure2 representtheaverageofthesesemples.

Thevariationinviscosityforeachofthetwooilsasfoundinthe
laboratorytestswasasfollows:

.
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oil Kinematicviscosityat l~” F, Maximum
centismk.es Variation

Minimum Mean Maximum frmlmean,
percent

A 5*U 5.54 5.80 8

B 29.96 34.5 40.20 18

5

TheoilEweresup@.iedtothetestbesringattaperaturesoflCX)O
and2050F andpressuresfrom20to 4CX)poundspersquareinch,which
correspondto oilflowsof1.6to 8 poundsperminute.

WhentestsofoneOQ werecompleted,theoilsystemwaspumpedand
draineddry;itwasthenthoroughlyflushedanddrainedtwicewithclean
petroleumsolvent.A quantityoffreshtestoilwasthencirculated
throughthesystmandallowedto draincompletely.Thetestoilwas
thentitroducedintothesysta.

Test-bearingmeasurements.- Thetest-bearingmeasurementswere
obtainedinthemaunerdescribedtireference9 andarereportedin
tableI ofreference1.

Surfacefinishesofthebearingcomponentparts(obtainedusinga
proffiometer)aregivenintable1,andtheharnessesofthecomyonent
partsbeforeandafterrunningaregivenintableII.

F@StlIUSANDDISCUSSION

Theresultsoftheexperimental.investigateionarepresentedinfig-
ures3 to14. Bearingtemperaturewaschosenastheprincipalcriterion
ofoperation,becauseitgivesa qualitativeindicationoftheseverity
ofoperatingconditionssadof theeffactivenessoflubrication.

EffectofIMependentVariablesonRatioof

Deflected-031FlowtoTransmitted-OilFlow

h reference1, it isshownthattheratioofdeflected-oilflow
totransmitted-oilflowisan importantvariableregaxdingball-bearing
lubricationandthattheouter-raceteqerature,thepowerre~ectedto
theoil,and(toa lesser@ent ) theinner-racetemperaturearedeter-
minedby theportionofthetotalflowwhichistransmittedthroughthe
bearing.OilB atan oflinlettemperatureof100°F wasusedinrefer-
ence1. DataarepresentedhereinforoilB atan oilmet temperature

— .
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of2050F andforoilA at
dataaregenerallyshilar

Theeffectof llNon

imlett~eratures
to thosepresented
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100°and2050F. These
reference1.

theratioofdeflectedflowto transmitted
flowisshowninfigure3 forbearing19 (curvefromref.1 included
forcomparison).Theratioofdeflectedflowtotransmittedflow
increaseswithincreasingIINata loadof368poundswithbothoils.
Theticreaseoftheflowratiowith IINismoremarkedat an inlet
temperatureof100°F thanat 2050F.

8
Theeffectofoilflowontheratioofdeflectedflowtotransmitted k

flowisshownh figure4 forbearing19. h general,theflowratio
decreaseswithticreastigoilflowforON AandB atthetwooilinlet
terupe=tures,lCOOand2050F.

Theeffectofloadontheratioofdeflectedtotransmittedflowis
showninfigure5. b general,theflowratioistidependentofload.
Thedatafortheloadcurveswereobtainedin supplementarytestsrun
afterallotherdatahadbeenobtained.Thisfactaccountsforthedif-
ferencebetweentheviscositiesshowninfigures5 and8 andtheviscos-
itiesshownb theotherfigures.Viscositiesshowninfigures5 and8
werenotusedto determinetheaveragesgiveninthetableinthesection
entitled“Ltiricationoftestbearing.”h reference1, an ticreaseh .

theflowratiowithincreasingloadisreported;thebearingwaslubri-
catedwithoflB at anoillcil.ettemperatureof100°F. Thisincrease
intheflowratiowithticreaseinloadwastheresultof shaftmovement
whichchangedtheimpingementpoint oftheoiljetonthebearings;
thisconditionmsybe peculiartothetestrigandnotrepresentative
ofengineoperation.Therefore,thedatashownh fQure 5 wereobtained
withsupportbearingshavingsmallradialclearancesinordertoreduce

t underchangingloads.shaftmovemen Thepossibility=ists thatbetter
positiotigofthejetrelativetothebearingwasobtained.

Thereareno reallysigntiicanttrendsintheflowratiosoverthe
rangeofviscositiesandoilinlettemperaturesinvestigated.Themore
viscousoilsomettiesresultsinlowerflowratios,perhapsbecauseofa
greater“clinging”ability.S~ resultsarereportedforcyli.ndricsJ.-
rollerbear- inreference6. b reference6,itisalsoshownthat,
forrollerbe=in.gs,the~tio ofdeflectedflowto tr~fittedflowis
a functionmainlyof oiljetvelocityandrotationalvelocityofthe
bearing.To a lesserextent,whenthejetisdirectedatthecage-
locathgsurface,theflowratioisako a functionoftheclearance
betweenthecage-locatingsurfaceandtheinnerraceatthepointof
hpingement.Similsxly,forballbearings,thecageclearancecanbe
ecpectedtobe a complexfunctionof DN andcentinuousl.yvaryingcage
loadssothatitseffectontheratioofflowsvarieswithttie.
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EffectofIndependentVariables

7

onBearingOperatingTemperatures

Effectof DN.- ‘lTheeffectof DIVontheouter-race-msximmand
inner-racetemperaturesofbearing19 isshowninfigure6. Theresults
arequalitativelythesameasthoseforoilB atanoilinlettempera-
tureof100°F reportedinreference1 (curvesfromref.1 includedfor
comparison].Thebearingtemperatureata givenDN is higherforan
oilofhigherviscosity;thisresultish agreementwiththeresults
reportedfireference6 forrollerbearings.Forthetwooils,the
differenceinbesringtemperaturesata givenDN was~eateratan oil
inlettemperatureof100°thanat 205°F; thisisaccountedforby the
differenceintheviscositiesoftheoilsatthesetemperatures.The
increasesinbearing-temperaturedifferencewithincreasingIN maybe
causedby increasedchurningathigherIR?values.Hadthetransmitted-
oilflowsbeenequalforthetwooilsatthelowertemperature,thistem-
peraturespreadwouldhavebeenevengreater(ref.1).

Effectofoilflow.- Theeffectof oflflowontheouter-race-
msxhmmandinner-racetemperaturesofbearing19 isshowninfigure7.
TheseresultsagainaxequalitativelyshS1.arto thoseforoflB atan
inletteniperatureof100°F reportedinreference1. As infigure6 for
a givenoilflow,bearhgtemperaturewashigherforoilB thanforoil.A
becauseof thehigherviscosity.

Effeetofload.- Theeffectofloadontheouter-race—maximumand
inner-racetemperaturesofbearing19 isshowninfigure8 fortwooils.
Bothouter-race-maximumandinner-racetemperaturesincreaseslightly
withloadatbothoilinlettemperatures.As explainedinthediscussion
offigure5,thedatareportedinfigure8 wereobtainedinsupplementary
tests.b reference1, itisreportedthatbearingtemperaturesincreased
appreciablywithloadathigh ~ valueswhenbearing19waslubricated
withoilB atan inlettemperatureof100°F. !Checauseofthisresult
andthereasonforobtalntignewdataareex@ainedh thediscussionof
figure5.

Fora givenvalueofload,thebearingtemperatureswereagainhigher
forthemoreviscousoil,@ theclifferenceh bearingtemperatureswas
greaterat theloweroilinlettemperature.

Bearingfailure.- A limitingspeedrunwasmadeto determinethe
maximumDN valueatwhicha 75-milM.meter-bore(size215)ballbearing
wouldoperatewithoutfailureunderthefollow5ngconditionsofoperation:
10ad, 368poudf3; On f10w, 2.75P- pertiute;oflwet t~erat~e,
100°F, andoil-jetdiameter,0.050inch.Bearingnumber20,lubricated
withoilB, wasusedforthistest. Thetestwasstoppedassoonas
equilibriumbeari.ng-t+eratureoperationceased.Bearingfailureoccurred

ata DN of2.QU.06,~ minutesafterequilibriumtemperaturehadbeen

———



8 NACATN3003

estabMshed(seefig.9);equilibriumbearingtemperatureswereestab-
lishedb 6 minutes.At ftiure,theouter-race-iwdmumandinner-race
temperaturesincreasedrapidlyfromabout340°and336°F to above500°
and400°F, respectively.Therigwasshutdownandthetestbearing
inspected.Thephenoliccagewasbrokenandhadbeenridingonthe
outerrace(fig.10). Infigure1O(C)maybe seentheextenttowhich
thecagehadbeenwornawsyby rubbtigontheouterraceofthebearing
inthetimeintervalbetweenthehitid cagefractureandtheshut-down
oftherig. Theads oftherivetsholdingthetwohalvesofthecage
togetheralsoshowwear.

Thetestrigwasshutdownbeforethebearingracesandballswere
dsmaged;thus,thecauseoffailurewasnotobscured.Damagetothe
racesandbaJM wasprobablypreventedby thefactthat,attheinstant
of’fracture,thecagefr~ents beganslidingontheouterrace,causing
theouterraceto erpandmorethantheinnerraceandthebeszingclear-
anceto ticrease.Theracesandballsshowedno evidenceofweartiter
runningfor13hoursat ~ valuesfrom1.2X106to 2.4X106.

~ Causesofbearingfailure.- Bearingfailure,as evidencedby cage
faflure,maybe attributedto severalfactors.Thecontributionof each
factorcannotbe determined,buttwoofthesepossiblecausesareworthy .
ofmention.First,theembrittlementandlossofstrengthofthephenolic
cagematerial.becauseofrepeatedcoolingandheatingtotemperatures
move 300°F mayhaveresultedh theweakemlngofthecagematerialand
somayhavehastenedthef= cagebreakage,whichwascausedby the
highinertiastressesattheexbremespeedsencountered.Second,be=ing
preloadingmayhaveoccurredasa resultofdifferentialtkn-malexpan-
sion{seefig.9{b)) ora permanentchangeinbearingdimensionscaused
by theverysevereoperatingconditions.

Changesin TestBearingswithRunningThe

Comparisonofthetest-bearingmeasurementstakenbeforeandafter
runningisquestiomible,sincethedatawerenotobtainedfromthesame
bearing.fiasmuchasnondestructivedisasseniblyandmeasurementofthe
bearingsinvestigatedisimpossible,unusedssmplebesringsweredisas-
sembledto obtainthenecessarytiitialmeasurements.However,since
high-speedaircraft-~adebearingsaremanufacturedtoveryclosetoler-
ances,it ispossibletomakethefollowingobservationsfromthedata
obtained:

Changesin bearingdimensions. - Thebesrtigdimensionsarereported
intableI ofreference1. No significantdimensionalchangesinbe=ing
componentpartswasevidentforeitherbearingecceptthatthephenolic
cageofbearing20,whichwasrunto a speedfaihre,brokeinseveral
placesandworequiteappreciablyon itsouterdiameteraftercominginto
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contactwiththeouterrace.Also,the
decreasedfrom0.0006toO inchbecause

9

diametralclearanceofbearing20
ofa permanentchangeinbearing

dtiemionsas a resultofthehightemperaturestowhichthebearingwas
subjectedastheconsequenceofthefailure.

Changes in surface finish. - Surface-finishvaluesofthecomponent
parts,obtainedfroma disassembledsamplebearingaswellasfromdisas-
enibledtestbearings19 and20afterrunning,aregiventitable1.

Thevaluesof surfacefinishofnewbearingsareconsistentlylower
inthecircumferentieJdirectionthanintheaxialdirection,whichis
normaltothedirectionof cut;however,afterlongruuningperiodsthe
clifferenceinsurfaceftiishbetweencircumferentid andaxialdirections
isnotgenerallysogreat.In general,thesurfacefinishesofboth
bearingsafterrunningweresmootherthanbefore.

Changesin hardness. - Thehardnessvaluesofthecomponentparts,
obtainedfroma disassenibledsamplebearingaswellasfromdisassmibled
testbearings19 and20afterrunning,aregivenintableII. Theballs
arethehardestpartsofthenewbearing;however,runntigtemperedthe
balls,andtheylostsomeoftheirhardness.Therewasverylittledif-
ferenceinhardnessoftheracewqysbeforeandafteroperationeventhough
thecageofbearing20fatled.

ANAIMISQFEI?EER~ REsms

Cooling-CorrelationTheory

Thedimensionalmethodofreasoning(ref.U.)maybe usedto obtain
a correlationoftheresultsobtainedinthisinvestigation. Sucha
correlationispresentedinreference7 fortemperaturesof cylindrical-
rollerbearings.Thefirststeph applyingthistechniqueto thesolu-
tionofa problemisto examinethephysicalsituationandto determine
thevariablesinvolved.Thebearing~ be recognizedas a system
involvingheat-transferandfluid-dynamicconsiderations;hence,the
signlficantvariablesarethosepresentedinthelistthatfollows.
Thedhensional.formulasofthevariablesaregivenintheIIIRSSM,
lengthL, ttie 13,andtemperatureT systemofdimensions.

-._. _-—- — —
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Synibol Variable Dhnensional
formula

Iv B6aringspeed ~-1

D Bear@ bore L

v Viscosi~basedonoilinlet ~-le-l
temperature

c Spectiicheatofoilat oflinlet L2e-%-1
temperature

M! Temperatureriseofbearingabove T
oilinlettemperature

d Oil-jetdiameter L

w Massrateof oilflow Me-l

w Bearingload MLe-2

k Thermalconductivityofoil.at ML@&
oilMet tempemture

P MassdensityofoflatoilMet ML-3
temperature

Thedhnensiotiyindependentvariables,them=imm nuniberof
variablesthatcannotbe combinedto forma dimensionlessgroup,were
chosenasspeed,bearingbore,viscosityandspecificheat. Thedimen-
sionlessgroupschosenaregiveninthefollowingequation:

(1)

whereE issomefunctionQ oftheseveral
(DN)2

d

Mmensionlessgroups.

.

Equation(1)containsa conpletesetofindependentdimensionless
poups. Thego s arecompleteinasmuchasthee~uationcontainsthe
nuuiberof groups71S3X required(ref.11,p. 30),andeachgroupis
in&pendent,becauseitcontainsa variablenotpresentinanyother
grq (h=ceno onePartic- groupcanbe expressedasa functionof
anycombinationoftheothergroups).As anapproximateion,thefunction

—————— ——
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Q inequation(1)isassumedtobe theproductoftheindependentdimen-
sionlessgroupseachraisedto an empiricallydetezmdnedpower.When
writtenas a powerfunction,equation(1)takesthefollowingform:

i% A[!-wq[3nmwd(?J

whereA, q,r, s,t, and u areconstants.ThetermcontainingW
hasbeenretatiedinequation(2)forballbearings(itwasdeletedfor
rollerbearingsinref.7)although~erimentalresultsshowedonlya
sma12effectof W on AT in
(approximately7 to 1213lb).

Fortheoilsusedandfor
tigatedherein,theeffectsof
ductivityoftheoilsresmall
Viscosity. b addition,fora
Sincejetsizewasnotvaried,
be simplifiedto thefollowing

theloadrsmgeusedinthisinvestigation

therangeofoilinlettemperaturesinves-
specificheat,density,andthermalcon-
withrespecttotheeffectof changein
givenbearing,thequantityD isfixed.
d isalsofixed.Equation(2)maythus
~ression: -

m‘BbvJ’l (3)

Thefollowinginner-raceequationbestfitsthedataofthisre~ort;the
equationwasobtainedby useof equation~(3)andthemethodof deter-
miningtheexponentsgivenh reference7:

‘-=BP’”Y~”3!
inner-racetemperature,%

oilinlettemperature,%

constant

bearingload,lb

oilviscosityatoilinlettemperature,lb-sec/sqin.,reyns

Ofl fbw, lb/rein

(4)

—... —.
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similarly,theotier-raceequationis

[

(m)

1

1.50W0.070.25
T@ - TO1= B2 P

~0.42

where

Tm outer-racetemperature,%

‘2 Constant

.

(5) ‘

Thehorsepowerrejectedtotheoilcanalsobe correlatedwiththe
independentvariablesofbearingop~ation;theresult~ relationis
sindlartothatobtainedforboththeinner-raceandouter-racetemper-
atureriseaboveoilwet temperature(eq.(3)).Theequationdeveloped
forhorsepowerrejectedto theoilis

[ 1q = B3 (~}1”~”07V0.25w0.42 (6)

where

‘3 constant

q rateofheatrejection,horsepower

Conibintigequations(5)and(6)yieldsthefollowingeqyationfor
horsepowerrejectedto oil:

(7)

where

‘4 constant

Underconditionsinvestigatedforbearing19,thepowerrejettedto
theoilisa functiononlyofthemassflowofoilandbearingouter-race-
maxhumtempe=tureriseaboveoilinlettemperature.Thepowerrejected
totheoilincreaseswithincreasingoilflowandincreasingouter-race
temperatureanddecreaseswithincreasingOU inlettemperature.

o
N-1
&i

cooling-correhtionappli.cation.- Thefinalcoolingcorrelation
curvesfortheinner-andouter-racetemperaturesandthepowerrejected
totheoilaregivenh figuresD to 14forthefo130wingrangeof
vari~les:m, o.3xlo6to 1.2xlo6;10

P
113to 1113pounds;oilvis-

cosityat inlettempedmres,2.16XLO-<0 42.6X10-7reyns (kinematic
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viscosityof1.77to 34.5centistokes);oilflow,1.6to 8 poundsper
minute;andoilinlettemperature,100°to 205°F.

Theplotsrepresenta usefulmethodofobtaininga firstapproxi-
mationofthebearinginner-andouter-racetemperaturesandthepower
rejectedto theoil.,andofdeterminingtheeffectsof DN,load,ofi
viscosi~,oilinlettemperature,andoilflowonthesevariables.

ComparisonofCooling-CorrelationResults

!l?heconstantsofthecorrelationcurvesofequation3)forthe
[hner-andouter-racetemperaturesandequations(6)and 7)forthe

powerrejectedto theoilareaslistedinthefofiowin.gtable:

constant

B

a

x

Y

z

1.333X1O-7

1.75

.10

-.42

.35

16.36x10-”(

1.50

.07

-.42

.25

Powerre,jectec
P 7

1.50

.07

.42

.25

to oil

~=B#m
6.15x10-3

------ ---

------ ---

.84

------ ---

-Fortheouter-raceandpower-rejectioncorrelations(equations(5)
and(6)),allconstantsareidenticalexceptfortheslopeB andthe-
differenceinsignofy. Forouter-racetemperature,y isnegative,
Wicatingan inverserelationbetweenoilflowandtemperature.For
thepowerrejected,thesignispositive,indicatinga directrelation
betweenoilflowandthepowerrejected.

Thecorrelationcurvespresentedhereincannotbe useddirectly
forjetengineor otherdesigna~lications,butthecurvesmaybe used
qualitatively.Theexponentsasdeterminedinthelaboratorytestrig
forrollerbesrtigsremainedthesamewhenappliedto an enginebearing
(ref.12),anda similarphenomenonshouldbe expectedto occurforball
bearings.Thedifferenceinheatflowintestrigandinengineopera-
tion,becauseoftheexternalheatassociatedwithengineoperation,
wouldchangetheconstantB andaddan intercepttothecurves.The
intendedvalueofthepresentworkliesinthepossibilitythatthe
metti ofcorrelationmaybe appliedto jet-enginebearings.Applica-
tionofthemethodisdemonstratedindetailinreference8.

.—— —. .— —
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AdditionalObservations

Fromtheexpertientaldata,itsanalysis,and

NACATN 3003

interpretationofthe
coolingcorrelationfigures~, -12,13,and14,thefollowingadditional
observationsmaybe added:

Effectofviscosityonbearingopcratingtemperature.- Lubrica-
tionwithan oilofhigherviscosityhastheeffectof increasingthe
operatingtemperatureofa deep-grooveballbearingofthetypeinvesti-
gatedat any DN,load,ofiinlettemperature,andoflflow(figs.U.
and12). Thisobservationisshowntoholdforcylindrical-rollerbear-
ingsh reference6 wherefiveo- ofdifferentviscositieswereused.
Thetwobasiccausesforhigheroperatingtemperaturesresultingfrom
theuseofhighviscosityoW, asexplainedinreference6 for
cylindrical-rollerbesrings,ap@.yequallywellto deep-grooveball
bearings;theseare: (1)a decreaseinthefi3mcoefficientofheat
trsmferwithincreasingoilviscosity,whichreducesthetransferof
heatfromthebesringsurfacestotheoil,and(2)an increaseinheat
developedinshearingan oilofhighviscosity.

Effectofviscosityonpowerrejettedto oil.- Thepowerrejected
to thelubricatingoilincreasedwithincreasingoilviscosity(fig.13).
As thepowerreJettedtotheoilvariesdirectlywithincreasingoiltem-
perature,it isobviousthattheoiloutlettemperaturesshouldalso
increasewithincreasingviscosity.

Effectof oilinlettemperatureonbearingoperatingtemperature.-
Bearingoperat3ngtemperaturesareinfluencedto a largeextentby the
oilinlettemperature.Figure12 showstheclifferencebetweenouter-race
bearingtemperatureandoilinlettemperatureplottedagainstother
variables.A changeinoilMet temperatureproduces~amequalchange
inthebearhgtemperatureovertheramgeof oilinlettemperatures
investigated,theothervariablesincludingoilinletviscositybeing
heldconstant.b a practicalapplication,oilviscositywouldincrease
witha decreaseinoiltemperature,resultinginhigherchurninglosses
andlessheattransfertotheoil. Therefore,thedecreaseintherace
temperatureswouldbe lessthanthedecreaseinoilinlettemperature.
Thedecreaseinbothinner-andouter-racebearingtemperaturesis
between”60and1~ percentofthedecreaseinoilMet temperaturefor
theconditionsinvestigated.

Effectofofiinlettemperatureonpowerrejectedto oil.- The
Dowerrejectedto theoilwouldbe constantatvariousoilinlettemper-

.

aturesforconstantoperatingconditionsifoilinletviscositywere
heldconstantoverthetemperaturerangeby useofvariousgradesofoil
(fig.13). h a practicalap@ication,oilviscositywoulddecrease
withincreasingofiinlettemperatureandthepowerrejectedtotheoil.
wouldalsodecreaseinacco-ce withthechangeinviscosity(fig.13).

.—
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Thefollowingresults
tionoftheeffectsofoil

SUMMARYOFREsmcs

wereobtainedinan experimentalinvestiga-
i.nlettemperatureandviscosityontheopera-

tingcharacteristicsoftwo75-millimeter-bore(size215)inner-race-
ridingcage-typeballbearings,whichwereoperatedovera rangeof DN
values(bearingboreinmm timesshaftspeedinrpm)fromO.3X1.06to
2.4XL06,oil.flowsfrom1.6to 8 poundsperminute,sadloadsfrom7 to
1113pounds:

1.A previouslydevelopedcooling-comelationanalysisfor
cylindrical.-roIler-bearingtemperatureswasfoundtobe applicableto
ballbemings. me effectofload,althoughsmall,hasbeenincluded.
A similarcoo13ngcorrelationwasdevelopedforthepowerrejectedto
theoil. Fora bearingtemperatureriseaboveoilimlettempemture,
thefomnoftheequationusedwas

AT=B@%%fPq
Forpowerrejectedtotheoil,theformoftheequationwas

or

q = B(# N)

whereM! istheclifferencebetweenouter-racebearingtemperatureand
theoilMet temperature;B, a constant;DN,theproductofthebearing
boreinmillimetersandshaftspeedinrpm;q,thepowerrejectedto the
ofl;W,thebearingloadinpounds;w, theoilflowh poundsperminute;
and p,theoilinletviscosityinpound-secondspersquareinch.

2.Fortheinner-andouter-racetemperaturesandthepowerrejetted
totheofi,theconstantsfoundto givethebestdegreeof correlation
wereasfoilows:

constant

B

a
x

Y
z

1.333xlo-~

1.75
.10
-.42
.35

16.36x10-7
1.50
.07
-.42

.25

Powerrejecte

~. B [DN)V#W~

10.53MO-9
1.50
.07

.42

.25

-i

to oil

q=B#m

6.15x10-3
------ ---

---------

.84
I------ --- I
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3.Bear@
the0.42pOWer,
0.42powertith

inner-andouter-race
andpowerrejectedto
themassflowofoil.

temperatevariedinverselyto
theoilvarieddirectlytothe

4.A moreviscousoflprcducedhigherbearingtemperaturesand
causedthepowerrejectedtotheoil.tobe greaterata givenoperating
condition@N, load,oilflow,andoilinlettemperatureconstsat).

5.Bearingtemperaturesroseverynearly1°F foreachincreaseof
1°F h oilinlettemperaturesovertherangeofoflinlettemperatures
investigatedata constantDN,load,ofiflow,andinletviscosity.
Fora spectiicoil,thebearingtemperaturerisewasfrom0.6°to1°F
foreachincreaseof1°F inoilMet temperature,becauseofthechange
h viscosi~withchangeh oiltemperature,theexactticreaaedepend-
ingontheparticularoperatingcondition.

6.Thepowerrejectedto thed. ranainedconstantovertherange
ofoilimlettemperaturesinvestigateedat a constantDN,load,oilflow}
andoilinletviscosity.Fora specificoil,thepowerrejectedtothe
oildecreas~withincreasingoilinlettemperaturesbecauseofdecreas-
ingoilMet viscosity.

7.b a speedrun,oneof thebearingsranto a IINof 2.4X106
(32,CO0rpm)ata loadof368pounds,an oilflowof 2.75poundsper
minute,andan oflinlettemperatureofl~” F beforefailure.Failure
occurred~ minutesafterbearingequilibriumtemperaturehadbeen

established.Thetimeto establishequilibriumtemperaturewas6 min-
utes.Failurewascausedby thebreakageofthephenoliccage.!l?he
racesandballsshowedno evidenceofweartier runningfor13hours
at DN valuesfrom1.2XL06to 2.4X106.

IewisFlightPr@ion Laboratory
NationalAdvisozyCommitteeforAeronautics

Cleveland,Ohio,July17,1953
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T!ABIXI.- SURFACEKUKC# OFTESTBEARINGCOMPONENTPARTS

Bearing

Construction

Total~g time,hr

Severityfactor=

SurfacefinishAxial
ofouter-race
track

hrface
Finishof
bner
?ace ‘t====-
Surfacefinishofballs

Before Mt.er Before
(b)

After
(b)

o 59.6 0 78.4

0 2CQ,688 0 302,112

--- ---

4-5 4-5 4-5 4-5

--- --- --- ---

1.5-2 2-3 1.5-2 I 2-4 I
15-17 5-8 15-17 6-9

7-8 5-7 7-8 6-8

1 1.5-2 1 1.5-2.5

aSurfacefinishmeasuredinmicroti.rmsbymeansofa profilometer.
%easuxementsobtahedfromssmplebearing.

cSummationofproductsofdifferencebetweenouter-race+mxdmum
teqeratureandlubricantinlettemperatureforeachoperating’
conditionandcorrespondingoperatingthe in~ atthatpar-

0
2
N

ticularcondition.
=5=’
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TABLEII.- HARDNESSOFTESTREARINGCOMPONENTPARTS

Bearing 19 20

construction Two-pieceinner-Two-pieceinner-
race-ridingcage race-ridingcage

I I
Before After Before After

Totalrunningthe, hr ] O I 59.6 I O I 78.4 ]

Severityfactora I o 200,688I o 302,112 I

Hardness,
Rockwell-C

Outerrace b63-64 60-63 b63-64 60.63

Innerrace b61-63 62-63 b61-6360.5-62

Balls b>c69 C66.5 b)c69 C60-63

a
SummationofproductsofdHferencebetweenouter-race-
maxhumtemperatureandlubricantinlettemperaturefor
eachoperatingconditionandcorrespondhgoperating
timeinminatthatparticularcondition.

measurementobtainedfromsamplebearing.

measurementobtainedon woundflat0.005in.from
surfaceofbti.

——.—.—— — . . — ..-.
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Figure 3. - Effeot of IX!on ratio of defleoted- to transmitted-oil flow for bearing 19
for Oih A and B. Load 368 pounds; oil flow, 2.75 pounds per minute; oil inlet tem-

&peratures, lCX30and 205 F; oil-jet diameter, 0.050 inch.
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Figure 4. - Effeotof oil flow on ratio of
IIJ,1.2x106; load,368 pounds;oil Inlet

deflected- to
tanperaturea,

(b)Oil inlettemperature,100°F.

tranmitted-oilflow for
100° and 20S0F; oil-jet

bear= 19 for Oi~ A and B.
diameter,0.050huh.



N
b

6

o

oil. Absolute ~iaooaity, reynsI
at 100° F at 205U F

o A 8.76x10-7 2.58x10-7
•1 B 38.8 8.3

n ow

f -1 I o

I
o 4CHI 800 12CQ

Load, lb
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Figure 5. - Effect of load on ratio of defleoted- to tramm Itted-oil flow fm bearing 19

for oils A and B, Dt?,l,2x106; oil flow, 2.75 pounds per minute; oil Inlet tempera-
ture, 100° and 205° F; oil-set diameter, 0.050 inoh.
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